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I. SUMMARY OF PROGRAM OBJECTIVES 
The growth or decay of a disturbance tha t  i s  accidentally 
introduced i n t o  a propulsion device depends on the nature of i ts  
in te rac t ion  with the various processes and components tha t  a r e  
present i n  the system. 17hile some processes respond by adding 
energy t o  the disturbance (e  . g. , the combustion process) , others 
tend t o  a c t  as energy sinlrs and hence cause an attenuation of 
the disturbance. To be able t o  predict  whether a given d is tur -  
bance r r i l l  amplify o r  attenuate i t  i s  necessary to  know the f re -  
quency response of the  various processes and components rrith 
trhom the disturbance i s  bound t o  i n t e r ac t ,  As long as such in- 
formation i s  not ltnotrn, a quant i ta t ive  prediction of the s t a b i l i t y  
of l iqu id  propellant rocket motors  rill not be possible.  
To obtain the desired information separate theoret ical  
and experimental investigations aimed at the determination of 
the frequency responses of the various processes and components 
t h a t  contribute t o  engine s t a b i l i t y  must be conducted. These 
investigations should be performed under conditions t ha t  closely 
simulate the  flotr ins ide unstable l i qu id  propellant rocket motors. 
In  the present study the frequency responses of supercr i t i ca l  
nozzles and acoustic l i n e r s  a r e  investigated.  
A t  present,  the only available investigation of the nozzle 
I frequency response i s  theore t ica l  i n  nature , In  s p i t e  of t h e i r  
importance i n  the design2 of s tab le  l iqu id  propellant rocket 
engines these theoret ical  predictions have never been ver i f ied  
experimentally; hence the i r  appl icab i l i ty  and usefulness a re  open 
to  question. It i s  one of the objectives of the present invest i -  
gation t o  experimentally determine the f'requency response of 
various p rac t i ca l  nozzles. Nozzles of various shapes and area 
r a t i o s   rill be tes ted and a spec ia l  e f f o r t  \ r i l l  be made t o  deter-  
mine the dependence of the nozzle response function upon these 
design parameters. A comparison between the experimental data 
and theore t ica l  predictions xr i l lprovide a check on the va l id i ty  
and range of appl icab i l i ty  of the theore t ica l  predictions.  
It i s  the objective of the acoustic l i n e r  study to  deter- 
mine the response of acoustic l i ne r s  under controlled conditions 
t h a t  simulate, as closely as possible,  the flow conditions inside 
unstable l i qu id  propellant rocliet motors. I n  t h i s  connection it 
should be mentioned tha t  available data on acoustic l i ne r s  re- 
sponse xias obtained i n  experiments where e i t he r  careful  control  
bras not possible3 or the experimental s e t  up did not simulate 
the f1ot.r conditions inside unstable l iqu id  propellant rocket 
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motors . 
It i s  the  long range objective of t h i s  program t o  provide 
propulsion engineers with r e l i ab l e  data about the frequency re- 
sponses of typ ica l  nozzles and acoustic l i n e r s  irhen they are 
subjected to  flow osc i l la t ions  similar t o  the ones tha t  can be 
found i n  unstable l iqu id  propellant rocket motors, 
11, SUMMARY OF PROGRAM STATUS 
The various tasks performed under t h i s  program involved 
the cooperation of three facu l ty  members, D r ,  B. T. Zinn, and 
Messrs, A. J. Smith, Jr. and B.  R .  Daniel and three graduste 
students , Messrs . W. A .  Bel l ,  J . M. Balsh and D, C . Koolrer . These 
individuals Trere responsible for  performing various design tasks 
as as various theore t ica l  and experimental investigations t h a t  
had to  be car r ied  out as pa r t  of t h i s  program. 
Since r e su l t s  obtained i n  the theore t ica l  studies were 
used to  guide the design and planning of the experiments, the 
r e su l t s  of these investigations w i l l  be discussed f i r s t .  I n i t i a l  
theore t ica l  s tudies  involved the development of a three dimen- 
s iona l  impedance tube theory tha t  accounts fo r  the presence of 
a one dimensional mean flow i n  the tube. The new theory repre- 
sents  a major extension of the c l a s s i ca l  impedance tube theory 
t h a t  i s  l imited t o  considerations of one dimensional osc i l l a t ions  
i n  tubes without mean f l o ~ r .  The new theory provides expressions 
t ha t  describe the dependence of the three dimensional wave pat tern,  
t h a t  i s  generated inside the combustion chamber, qpon the impedance 
a t  the tube end (e . g . , the nozzle impedance) and upon the magni- 
tude of the mean flow Mach number. It has been theore t ica l ly  
shown tha t  by measuring instantaneous pressure amplitudes a t  
various locations along the tube and then subst i tut ing the experi- 
mental data i n t o  the theore t ica l  expressions r e su l t s  i n  a s e t  of 
equations t ha t  can be used i n  the determination of the nozzle 
admittance function, A s  p a r t  of t h i s  invest igat ion a special  
computer program capable of converting the experimental data i n t o  
meaningful r e su l t s  ( i  . e.  , nozzle admittance functions) has been 
developed. 
Other re la ted  ana ly t ica l  studies included the development 
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of a computer program tha t  uses Crocco's nozzle theory t o  com- 
pute the theore t ica l  nozzle admittance f'unctions. The appl icab i l i ty  
of these theore t ica l ly  predicted admittance functions t r i l l  be 
checked by comparing them w i t h  the experimentally determined admit- 
tance functions. Another phase of t h i s  program was the study of 
acoustic l i n e r s .  As p a r t  of th i s  investigation a thorough l i t e r a -  
ture search was conducted and the r e su l t s  rrere used as a guide i n  
the design of the l i n e r s  tha t  trill  be tes ted  i n  the program. In 
addition an approximate theory fo r  investigating acoustic l i n e r  
response has been developed. Other relevant theore t ica l  in- 
vestigations are i n  progress and they w i l l  be discussed i n  another 
section of t h i s  report .  
The r e su l t s  of the above investigations were used to  guide 
the design of a cold flow f a c i l i t y  capable of simulating the flow 
conditions i n  unstable l iqu id  propellant rocket motors. The 
f a c i l i t y  uses high pressure a i r  t ha t  is  s tored i n  a 500 cubic 
f ee t ,  3000 p s i a  storage system. During a run the a i r  leaves the 
storage f a c i l i t y ,  passes through a s e r i e s  of control  valves t h a t  
reduce i ts pressure t o  a desirable leve l ,  and enters the simulated 
combustion chamber through a shoverhead in jec tor .  Two 4000 watt 
electro-pnewnctic dr ivers ,  t h a t  a r e  attached t o  the combustion 
chamber tralls ,  are  used t o  generate the desired three dimensional 
pressure osc i l l a t ions .  The behavior of these xraves i s  monitored 
by a se r i e s  of pressure transducers located a t  various locations 
along the tube. The transducers' signals a re  recorded on tape 
and l a t e r  processed for  conversion i n t o  impedance data. A 
schematic of t h i s  system i s  presented i n  Fig. 1. 
To be able  t o  perform the various tasks demanded by these 
experiments a specialized instrumentation system had t o  be designed 
and assembled. Todate considerable amounts of money, e f f o r t  and 
time have been invested i n  the purchase, i n s t a l l a t i on  and ca l i -  
brat ion of the various components that comprise t h i s  inst;rumenta- 
t ion system. 
As p a r t  of the  planning of the  experimental program the 
various components t h a t  were t o  be tes ted  ( i . e . ,  nozzles and 
acoustic l i ne r s )  had t o  be designed. '2310 nozzles of p rac t i ca l  
shape Irere designed and b u i l t .  These nozzles have d i f fe ren t  
geometries and were chosen i n  a way tha t  w i l l  enable the invest i -  
gators t o  determine the va l id i ty  of some of the assumptions used 
i n  the theoret ical  predictions of the nozzle admittance function. 
The problem of designing acoustic l i ne r s  has been studied i n  
depth. After several modifications, the present design of the 
acoustic l i ne r s  are based on resu l t s  obtained i n  investigations 
5 4 conducted a t  NASA Lewis and P ra t t  & Nhitney . The test ing of 
these l ine r s  i s  e ~ e c t e d  to  produce data tha t  v i l l  shed additional 
l i g h t  about the appl icabi l i ty  of available l i n e r  theory. 
Considerable delays i n  delivery and malfunction of major 
system components resulted i n  corresponding delays i n  the i n i t i -  
ation of the t e s t  program. It appears, however, t ha t  a l l  major 
d i f f i cu l t i e s  have been solved and preliminary tes t ing  has begun, 
These temporary delays w i l l  not a f fec t  the productivity and re- 
su l t s  of the overaU program. 
111. PROGRESS DURING REPORT PERIOD 
A. Theoretical Studies 
The analyt ical  investigations concentrated i n  several 
areas. One of the investigations was concerned with the evalu- 
ation and improvement of the experimental resu l t s .  To perform 
t h i s  investigation values of nozzle admittance function, that  
were determined by using Crocco's nozzle theory, were substi tuted 
in to  the expressions tha t  determine the three-dimensional wave 
amplitude. The resul t ing expression could be used t o  calculate 
the pressure amplitude a t  any location i n  the chamber. The 
theoret ical ly  corquted amplitudes Irere then modified by the intro- 
duction of intent ional  posi t ive or negative errors ,  X t  was then 
assumed tha t  the modified amplitudes had been determined eleperi- 
mentally and they were then used to  compute the nozzle admif;i;~ulce 
functions. The computed values were then compared with the known 
correct values. mese  studies revealed tha t  the accuracy of the 
experimental predictions depends upon several variables that in- 
clude the magnitudes of the r e a l  and imaginary par t s  of the nozzle 
admittance, the frequency of the osc i l la t ion  and the locations 
chosen for  measurement. This investigation i s  i n  progress and 
various poss ib i l i t i e s  for improving the accuracy of resu l t s  ob- 
tained from experimental data are  being investigated. 
In  a recent study of l ined cyl indrical  chambers' it has 
been sho~rn tha t  the inclusion of l i ne r s  may have the additional 
effect  of "detuning" the chamber. This information has been 
used i n  the design of the acoustic l i ne r s  tha t  t r i l l  be tested i n  
the present program. To obtain a be t t e r  appreciation of the 
problem two l i n e r s  having different characteris t ics  were designed. 
One of these l i n e r s  was designed to  be a poor absorber (over the 
range of frequencies tha t  viU. be tested) but  a good "detuner", 
while the other l i n e r  vas designed t o  be primarily a good absorber. 
The test ing of these l ine r s  should help t o  shed l i g h t  about the 
re la t ive  importance of these t t ~ o  effects  as well as the appli- 
cabi l i ty  of the theories tha t  guided the designs of these l ine r s .  
%ro additional theoret ical  investigations are  i n  progress. 
One of these is concerned with the investigation of three dimen- 
s ional  standing-wave behavior i n  chamber with l ined w a l l s .  The 
second investigation i s  concerned with the prediction of the 
admittance function of nozzles with f a s t  converging iralls. Both 
investigations are  aimed at  improving existing theories and pro- 
viding better theoret ical  approaches for  the design of future 
l iqu id  propellant roclret motors. 
B. Test Faci i f ty  
The f i n a l  f a c i l i t y  checlsout phase has been completed and 
preliminmy tes t ing  has been in i t ia ted .  The main objectives of 
the preliminary t e s t s  were to  determine the system characterist$.cs 
trith all control valves and instrumentation operating simultane- 
ously, measure the background noise leve l  t ha t  i s  induced i n  the 
chamber by the mean flow, and determine the l imitat ions and 
chasacteristics of the dyncmic pressure transducers tha t  w i U  be 
used t o  measure the sound pressure levels.  
Measurements of the flow noise and i ts  spec t ra l  analysis 
shoved tha t ,  i n  the frequency range that  t r i l l  be used i n  actual 
experiments, there a re  s i x  predominant frequencies tha t  are con- 
t r ibut ing the major portion of the noise. The sound pressure 
levels  recorded a t  these frequencies were a11 above 120 db ( re ,  
2 2 x  lom4 DYNES/C~ ) and the highest had the l eve l  of 138 db. A 
detailed analysis of system character is t ics  showed that  the 
major portion of the noise was being generated by &he flotr con- 
t r o l  valves. To a l lev ia te  t h i s  d i f f icu l ty  a muffler has been 
designed to suppress these upstream noise sources. The e s t i -  
mated sound pressure l eve l  of the noise generated by the valves 
i s  160 db. Design calculations show tha t  the addition of the 
muffler tdll decrease the sound pressure l eve l  i n  the chamber 
from 138 db t o  70 db i n  s p i t e  of' the fac t  that  the valve noise 
output i s  160 db. The necessary muffler has been designed and 
fabrication has begun. Estimated time necessary for muffler 
completion i s  approximately one month. 
During the period that  the muffler is  being fabricated, 
all of the no-flor.? t e s t s  w i l l  be completed. The first ser ies  
of t e s t s  trill be conducted trith an i n f i n i t e  impedance termina- 
t ion. This data  rill be used to  provide an additional check 
on the operation of the comput;er program thak has been specially 
formulated to reduce the exgesimental data. Once program verifi- 
cation is completed, the admittance of the nozzles, with and 
tdthout steady flow, will be determined. 
_IV. PROGRESS DURZNG THE NEXT REPORT PERIOD 
The admittance of the nozzles with no mean flow will be 
completed. The muffler will be installed and the admittance of 
the nozzles with mean flo~s trill be determined. Testing of the 
liners will be initiated. Work on various reported theoretical 
investigations wi31 continue. 
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